SUMMARY
The study of metabolically labeled or probe-modified proteins is an important area in chemical proteomics. Isolation and purification of the protein targets is a necessary step before MS identification. The biotin-streptavidin system is widely used in this process but the harsh denaturing conditions also release natively biotinylated proteins and non-selectively bound proteins. A cleavable linker strategy is a promising approach to solve this problem. Though several cleavable linkers have been developed and tested, an efficient, easily synthesized and inexpensive cleavable linker is a desirable addition to the proteomics toolbox. Here, we describe the chemical proteomics application of a vicinal diol cleavable linker. By easy to handle chemistry we incorporate this linker into an activity-based probe and a biotin alkyne tag amenable for bioorthogonal ligation. With these reagents background protein identifications are significantly reduced compared to standard on bead digestion.
INTRODUCTION
Covalent modification of proteins by small molecules within a complex proteome is a major theme in chemical biology and proteomics. An effective method for the detection of posttranslational modifications of proteins is the metabolic incorporation of modified biomolecules such as tagged carbohydrates or lipids (1) . Reversible interactions of enzyme inhibitors, natural products or drugs can be detected by appending photocrosslinking agents and thereby facilitate target discovery (2, 3) . A particularly interesting example of protein labeling is activity-based protein profiling (ABPP) (4, 5) , since it utilizes the intrinsic catalytic activity of a target enzyme for the covalent attachment of an affinity or visualization tag. ABPP makes use of small molecules (activity-based probes; ABPs) that react with the active form of a specific enzyme or enzyme class by means of a 'warhead', which is often derived from a mechanismbased enzyme inhibitor (Fig. 1A) . DCG-04, for example, is based on the naturally occuring inhibitor E-64 and targets the papain family of cysteine proteases by covalent attachment of the epoxysuccinate group to the active site cysteine (Fig. 1B) (6) .
Bulky fluorophore or biotin tags on chemical probes may interfere with efficient protein binding. Moreover, they can negatively influence the cell permeability of probes and therefore limit their applicability to in vitro experiments. Bioorthogonal chemistries, such as the BertozziStaudinger ligation (7) and the 1,3-bipolar cycloaddition of an azide and an alkyne (click chemistry) (8) , allow tandem labeling strategies, in which a biotin or a fluorophore is attached to an enzyme probe complex in a separate step. Consequently, the probes themselves only carry azide or alkyne groups as 'mini-tags'. Tandem labeling using bioorthogonal chemistry has now become a widely used strategy to label biomolecules in lysates and in live cells (9) (10) (11) .
[ Figure 1 ] An essential step in ABPP, but also in other chemical proteomics approaches, is the elucidation of the tagged proteins. This usually involves a biotin-mediated enrichment step followed by mass spectrometry-based identification. Although the streptavidin-biotin interaction allows efficient enrichment due to the strong binding affinity (K d ~ 10   -15 M), it also has limitations. Quantitative elution of biotinylated proteins requires harsh conditions (12) , which lead to contamination of the sample by endogenous biotinylated and non-specifically bound proteins. These other proteins will be identified together with the real protein targets. Since subsequent target validation with secondary assays can be a costly and time-consuming process, a reduction in false positive identifications is highly desirable. For cleaner protein identification, cleavable linker strategies (13) that allow selective release of target proteins have been developed (Fig. 1C) . The commercially available disulfide linker can be cleaved under mild conditions, but suffers from premature cleavage in reducing media such as the intracellular environment and reducing buffers used for click chemistry and in vitro reactions of cysteine proteases. Therefore, a variety of alternative linkers for proteomics applications have been reported including a sterically hindered disulfide (14) , diazobenzenes (15) (16) (17) (18) (19) , hydrazones (20, 21) , silanes (22) , light sensitive linkers (23) (24) (25) , TEV protease sensitive linkers (26, 27) , and a levulinoyl-based linker (28) . The synthesis of some of these linkers is lengthy or difficult to scale up, which limits the general application in chemical proteomics.
Ideally, a cleavable linker is stable under a wide variety of conditions, is efficiently and selectively cleaved, and can be synthesized in a low number of easy chemical transformations.
We aimed to meet these requirements by using a vicinal diol as a cleavable linker system. When vicinal diols are treated with sodium periodate (NaIO 4 ), the carbon-carbon bond is cleaved (Fig.   1D ). Periodate treatment of proteins may result in side-reactions, such as the cleavage of linked 6 carbohydrates or the oxidation of N-terminal serine and threonine residues. However, these Ntermini rarely occur in proteins and are therefore of minor concern. In general, the mild, neutral conditions of periodate cleavage are compatible with proteins. This has been illustrated in the past, for example, by the application to the detection of protein-protein interactions (29) and the creation of unliganded MHC class I molecules (30) . In this study, we report the chemical For detection of cleavage by silver stain, rat liver homogenate (13.5 mg of total protein) in sodium acetate buffer (2.5 ml; pH 5.5) was incubated with diol-DCG-04 (10 µM) for 2 h. Zeba spin desalting column. To the eluate (100 µl; 100 mM ammonium hydrogen carbonate) was added 12 M urea (100 µl) and the sample was prepared for LC-MS/MS analysis as described for the on bead digestion.
On bead digestion or chemical release after tandem labeling -For in vitro proteome labeling, the probe azide-E64 (4, final concentration 10 µM) was added to RAW 264.7 cell lysate (3.2 mg in 2.5 ml buffer; pH 5.5, 50 mM NaOAc, 2 mM DTT and 5 mM MgCl 2 ) for 1h. Unreacted probe was removed by filtration over a PD10 column (GE Healthcare) and the eluate (in sodium phosphate buffer, pH7.4) was adjusted to 5 mL total volume with sodium phosphate buffer. After click chemistry, unreacted probe was removed by filtration over a PD10 column (GE Healthcare) and the eluate (in PBS buffer) was shaken with Ultralink streptavidin slurry (50 uL) for 4 h. Onbead digestion and chemical release followed by digestion were carried out according to the above protocol. For in situ proteome labeling, RAW 264.7 cells were labeled in DMEM medium (6 well plate, 1 ml for each well) with azide-E64 8, 5 µM) for 1h, harvested, washed with PBS and a lysate was made using a 0.1% triton-X100 containing sodium phosphate buffer (pH 7.4). peptide probability, 95 %) were highly conservative and resulted in a peptide and protein false discovery rate of 0%.
RESULTS

Synthesis of a diol cleavable linker and incorporation into chemical probes -We decided to
explore tartrate as a vicinal diol containing cleavable linker. Tartrate is small compared to most other reported cleavable linkers, and is therefore likely to have little influence on probe reactivity. Its hydrophilic nature may increase solubility of probes in aqueous buffers and reduce non-specific interactions with hydrophobic surfaces of proteins (32) . More importantly, it is stable under acidic, basic and reducing conditions, and therefore compatible with many buffer systems used in biochemistry.
Methyl-2,3-O-isopropylidene-L-tartrate (1) was selected as a synthetic building block for incorporation into chemical probes, since it can be obtained on large scale and in good yield from inexpensive L-tartaric acid in two straightforward protecting group manipulation steps ( Fig.   2A ). Building block 1 can be used both in solution and solid phase synthesis. To illustrate this, 13 we performed a solid support synthesis of diol-DCG-04 (2; Fig. 2B ), which is a cleavable version of DCG-04. For tandem labeling of azide probes, we designed the alkyne containing cleavable biotin reagent 3, which was synthesized in solution in four steps (Fig. 2C ).
[ Figure 2 ]
Evaluation of diol-DCG-04 labeling and cleavage -We tested whether the diol cleavable linker within the context of a probe could be cleaved by periodate. To this end, we incubated ABP 2 with 10 mM sodium periodate and identified the nature of the cleavage products. We observed formation of the aldehyde, which is the expected cleavage product, as well as the hydrate of the aldehyde (Supplemental Fig. S1 ). In order to check for possible side reactions proteins or peptides, we also performed cleavage in the presence of a model peptide, which gratifyingly did not result in any side reactions (Supplemental Fig. S1 ).
At this point, we evaluated the capture and release of proteases from a whole proteome. We first made a direct comparison of the diol-containing cathepsin ABP 2 with the parent compound DCG-04. In a rat liver proteome, which contains a variety of previously identified cathepsins (33), both probes yielded a similar, activity-based labeling pattern, indicating that the cleavable linker does not influence the specificity and potency of the ABP (Supplemental Fig. S2 ). The labeled cathepsin proteases were also efficiently depleted from the proteome by incubation with immobilized streptavidin. Treatment with sodium periodate led to release of the diol-DCG-04-labeled cathepsins, while having no effect on DCG-04 labeled ones (Fig. 3A) .
[ Figure 3 ]
Since cleavage of the diol linker results in loss of the biotin used for detection, cleaved proteins
are not visible by streptavidin blot. We therefore also applied silver staining in order to detect the released cathepsins upon selective release (NaIO 4 treatment) or non-selective release (boiling in 14 SDS sample buffer). In an effort to optimize the cleavage conditions, we released target proteins from the immobilized streptavidin using different periodate concentrations and incubation times. (34) and their glycans will also be oxidized at the diol-functionalities. One concern we had was Schiff base formation between the oxidized diols and the streptavidin beads. However, the similar intensity of the cleaved cathepsins resulting from chemical cleavage and non-selective release (SDS-boil) shows that this process has no influence on the efficiency of the elution (Fig. 3B) . To prove that the cleavage conditions were chemoselective and not due to disruption of the streptavidin-biotin interaction, the same samples were also analyzed by streptavidin Western blotting (Fig. 3C) . No biotinylated proteins were detected in the periodate treated sample, confirming that the cleavage took place between the reactive part of the ABP and the biotin moiety. indeed showed cathepsin bands between 22 and 36 kDa (Fig. 4B) . All of these bands can be competed away by the pan-cathepsin inhibitor JPM-OEt, indicating that the labeling takes place in an activity-dependent manner. When desired, click chemistry detection can also be performed on cell lysates (Fig. 4C) . Interestingly, we observed that azido-E64 labels more protein targets in situ (whole cells) than in vitro (lysates; see Fig. 4B and 4C).
Labeling of cathepsins with azido-E64 in vitro and in situ -
[ Figure 4 ]
Mass spectrometry identification of protein targets -In order to show that the cleavable linker can reduce protein contaminations in protein identification by mass spectrometry, we compared chemoselective release with on-bead digestion, a commonly used SDS-PAGE-free method for the identification of affinity-purified proteins. Hence, a diol-DCG-04 treated rat liver proteome was incubated with strepavidin beads and extensively washed to remove unbound proteins. The streptavidin beads were then divided into two parts and subjected to either an on bead trypsin digestion or a chemoselective release followed by a trypsin digestion. LC-MS/MS analysis revealed the presence of 7 cathepsins in both samples (Table 1) , which is two more than in previous reports (33) . The periodate cleavage conditions are likely to oxidize the identified proteins, primarily at methionine residues. In the target cathepsins, we indeed found more oxidized methionines in the sample resulting from chemical cleavage compared to on bead digestion (Supplemental Table S1 ). However, this did not have an influence on the identification of the tryptic peptides (Supplemental Table S2 ). Cytoskeletal proteins, such as actin, keratins and tubulins are abundant in any eukaryotic cell, and were found as background in all samples (Fig.   5 ). Endogenously biotinylated proteins, on the other hand, were only detected in the on bead digestion, but not in the chemoselective release. A significant part of the other background proteins found in the on bead digestion comprised housekeeping enzymes, for instance dehydrogenases. These apparently remained stuck to the streptavidin beads despite stringent washes and were detected by the sensitive mass spectrometry equipment. Overall, samples obtained by chemical cleavage showed a nearly 80% reduction in background proteins compared to on bead digestion (Fig. 5) .
Next, we turned out attention to the identification of probe targets labeled by bioorthogonal chemistry. Lysates or live cells of RAW 264.7 macrophages were treated with azido-E-64 and subjected to click chemistry with alkyne biotin tag 3. As shown in Figure 4 , labeling in whole cells resulted in the detection of more protein target bands than in cell lysates. Indeed, tandem mass spectrometry identified cathepsin Z and B both in vitro and in situ ( Table 2 and 3,   respectively) . Cathepsins H, F, S and L1 were only identified in situ. Cathepsins H, S and L1 correspond to the lower running gelbands (Fig. 4B) , which match the molecular weights of their mature forms (24, 24 and 19 kDa, respectively). Although cathepsin F was only identified in the on bead digestion, overall comparable sequence coverages of the targets in the RAW264.7
samples were obtained for chemical release and on bead digestion experiments (Table 2 and 3) .
The important benefit of the cleavable linker is again illustrated by the reduction of background proteins by up to 87% (Fig. 5 ).
[ In conclusion, we have shown that a vicinal diol cleavable linker can be easily synthesized and readily incorporated into chemical probes. The elution of probe targets takes place in a mild, efficient and chemoselective manner. In the target identifications, the linker leads to a high reduction in background proteins. Due to its compatibility with tandem labeling and target discovery in live cells, we believe that the here described strategy will be of substantial benefit for other chemical biology and proteomics studies. Table S4 . Table S5 . Figure 5
